Previously, we have identified a novel E3 ubiquitin ligase, BNTR1, which plays a key role in heat stress response in Brassica napus. In this study, we accidentally found that BNTR1 can also improve thermal tolerance and reduce growth inhibition at 42°C in Escherichia coli, in a manner different from that in plant. We show that BNTR1 activates E. coli heat-shock response at low concentration in soluble form instead of in inclusion body, but BNTR1 is not functioning as a heatshock protein (HSP) because deficient temperature-sensitive mutants of HSP genes display unconspicuous thermal tolerance in the presence of BNTR1. Our further studies show that BNTR1 triggers heat-shock response by competing with σ32 (σ32, heat-shock transcription factor) to its binding proteins DnaJ (HSP40) and DnaK (HSP70), which results in the release and accumulation of σ32, thereby promoting the heat-shock response, even under the non-heat-shock conditions. At 37°C, accumulation of the HSPs induced by BNTR1 could make cells much more tolerant than those without BNTR1 at 42°C. Thus, our results suggest that BNTR1 may potentially be a promising target in fermentation industry for reducing impact from temperature fluctuation, where E. coli works as bioreactors.
Introduction
Escherichia coli is one of the most extensively used prokaryotic organisms for genetic manipulations in laboratory and for the production of therapeutic proteins in industry. This bacterium has many advantages, including easy preparation, rapid growth to high cell density, accumulation of recombinant protein to extremely high concentration, a vast variety of vectors and hosts for selection, and so on, which make it the first choice to express target proteins. However, there are some limitations of this system, such as the formation of inclusion body which is insoluble due to the misfolded recombinant proteins at high temperature [1] .
In E. coli, heat-shock response to temperature increase from 30°C to 42°C causes the quick synthesis of induced heat-shock proteins (HSPs) ( Supplementary Fig. S1 ). The HSP-specific regulator σ32, encoded by the rpoH gene, is responsible for triggering the cytoplasmic heat-shock response. At low temperature, DnaK/DnaJ chaperon complex binds to σ32 in an ADP-dependent way. This bind causes the degradation of σ32 primarily by the membrane-bound AAA-protease FtsH [2] [3] [4] . Heat shock can increase σ32 transcription transiently, and can also stabilize σ32 by recruiting of DnaK/ DnaJ to the denaturation-prone proteins, which leads to the disassociation of σ32 and DnaK/DnaJ [2, 3, 5] . Thereafter, a rapid increase in σ32 level and a stimulation of σ32 activity could induce the heat-shock response, which involves the transcription of HSP gene family [1] . Moreover, σ32 itself could activate the transcription of dnaK/dnaJ gene, which in turn degrades σ32 to a new steady-state level. Some early studies have also demonstrated that both accumulation of insoluble protein and the presence of kanamycin in the culture will result in stress loading to E. coli cells and trigger heat-shock-like response [6, 7] , possibly based on the production of misfolded proteins and subsequently release of σ32 from degradation [2, 3, 8] . Previously, our group identified a novel membrane-bound E3 ubiquitin ligase from Brassica napus, referred to as BNTR1. We found that expression of BNTR1 is induced by various stresses and that modest expression of BNTR1 in B. napus and Oryza sativa could enhance the stress resistance of transgenic plants by activation of calcium channel [9] .
In this study, we report that heteroexpression of BNTR1 in E. coli promotes the thermal resistance of E. coli. We also found that BNTR1, in its native state, can trigger heat-shock response by competing with σ32 to form a complex with proteins DnaJ (HSP40) and DnaK (HSP70). Thus we identify a novel way of regulating heatshock response and propose an appropriate strategy to make use of BNTR1 as an efficient tool for enhancing E. coli thermal resistance.
Materials and Methods

Strains
Strains used in this study were listed in Supplementary Table S1 . BL21(DE3) strain was used for heteroexpression of BNTR1 protein. grpE-, dnaK-, rpoH-, ftsH-, and dnaJ-strains are temperature-sensitive mutants of indicated genes (bold characters in Supplementary Table S1 ).
Construction of BNTR1 expression vector
The wild-type BNTR1 gene was amplified by polymerase chain reaction (PCR) from B. napus complementary DNA. To optimize codon usage, overlap PCR was used as previously described [10] . Briefly, primers EBL001/002, EBL003/004, EBL005/006, EBL007/008, EBL009/ 010, and EBL011/012/013 were used to amplify the fragments of BNTR1 gene, respectively. Then amplified fragments were added in one overlap PCR system to obtain the mutant product, BNTR1mut, by using primers EBL014/015. The PCR products (wild-type BNTR1 fragment and BNTR1mut fragment) were digested and inserted into BamHI-HindIII sites of pET28a vector and the final vectors were assigned as pET28-TR1 and pET28-TRmut, respectively. The coding sequence of Mistic protein was amplified from genome of Bacillus subtilis 168 strain and inserted into NcoI-BamHI sites of pET28-TR1 and pET28-TRmut, which is localized upstream of BNTR1/ BNTR1mut gene, to construct pET28-mistic-TR1 and pET28-misticTRmut, respectively. Escherichia coli BL21(DE3) was used as the expression host for reconstructed plasmids. Primer sequences are listed in Supplementary Table S2 .
Heteroexpression and purification of BNTR1 protein
Escherichia coli BL21(DE3) strain harboring pET28-TR1 was used to heteroexpress BNTR1 fusion protein with 6 × His tag. Escherichia coli cells were pre-cultured in LB media at 37°C in the presence of 50 μg/ml kanamycin to an optical density (OD 600 ) of 0.5-0.6. Cultures were induced with 400 µM isopropyl-β-D-thiogalactoside (IPTG) and grown at 30°C for indicated time. Cells were harvested by centrifugation and resuspended in 1/4 culture volume of Trisbuffer (20 mM Tris-HCl, pH 7.9, 50 mM NaCl, and 5% glycerol). Cells were disrupted by sonication on ice for 15 min, 5 s each with 3 s cooling between successive bursts in a Sonics Vibra cell TM VCX750 (Sonics & Materials Inc., Newtown, USA). The lysate was centrifuged at 13,000 g for 50 min. Supernatant was filtered through 0.22-µm filter membrane and purified by a 5 ml HisTrap excel column (GE Healthcare Bio-Sciences, Pittsburgh, USA). The BNTR1 protein was eluted from the column with Tris-buffer (20 mM TrisHCl, pH 7.9, and 500 mM NaCl) containing 1 M imidazole.
Generation of rabbit polyclonal antibody
The anti-BNTR1 rabbit polyclonal antibody was prepared by immunization of rabbit with purified Mistic-BNTR1 fusion protein.
All the antibodies (anti-BNTR1, anti-DnaK, and anti-DnaJ) and western blot data in this study were generated by Zen Bioscience Co. (Chengdu, China).
Western blot analysis
Whole cell extract or purified protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane using a semidry system. The membranes were incubated for 1 h at room temperature in a blocking buffer (10 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl, 1.76 mM KH 2 PO 4 , 0.05% Tween-20, and 5% skim milk). The membranes were incubated with anti-BNTR1, anti-DnaJ, or anti-DnaK antibody at 1:1000 dilution at 4°C overnight. After three times of wash with PBST (10 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl, 1.76 mM KH 2 PO 4 , and 0.05% Tween-20), the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (Zen Bioscience Co.) in PBST containing 1% skim milk at room temperature for 1 h. The signals were visualized with ECL Prime Western Blotting Detection Reagent (GE Healthcare Bio-Sciences) and detected using Chemidoc MP imaging system (Bio-Rad Laboratories Inc., Hercules, USA).
Construction of vectors to express GFP-fusion protein and live observation of sub-localization by fluorescence microscopy Supplementary Table S2 . BNTR1-gfp fusion fragment were cloned and reconstructed into pUC19 vector. IPTG was added with a final concentration of 400 μM, and cells were cultured at 30°C for 3 h. The sub-localization of GFP-fused BNTR1 in live cells was observed using the Delta-Vison microscope system (GE Healthcare Bio-Sciences) in a temperature-controlled room with help from Dr Kun Ruan (Osaka University, Osaka, Japan). Assay of E3 ubiquitin ligase activity and structure thermostability
RNA isolation and RT-PCR
In order to purify recombinant protein BNTR1, pET28-TR1 BL21(DE3) transformant was cultured and induced in 1 l of LB, which was divided into two groups, i.e. with or without 50 μg/ml kanamycin. The low-expressed BNTR1 was collected and the E3 ubiquitin ligase activity assay was performed as previously described [11] .
The purified BNTR1 was also subject to thermal stability measurement by fluorescence spectroscopy [12] [13] [14] with help from Dr Yongbin Yan in TsingHua University (Beijing, China).
Results
Heteroexpression of BNTR1 promotes the thermal resistance of E. coli
In our previous study, we reported that a membrane-bound E3 ubiquitin ligase BNTR1, which is encoded by BNTR1 gene in B. napus, responds to stress shock in plants [9] . To further analyze the function of BNTR1, BNTR1 gene fused with 6 × His tag was inserted into pET28a vector and the resulted plasmid was transformed into E. coli BL21(DE3) strain for heteroexpression.
After 400 µM IPTG induction, we failed to observe the expression of BNTR1 protein from the whole cell lysates by SDS-PAGE ( 1  10  20  30  40  50  60  70  80  90  100   110  120  130  140  150  160  170  180  190  200  210   220  230  240  250  260  270  280  290  300  310  320   330  340  350  360  370  380  390  400  410  420  430   440  450  460  470  480  490  500  510  520  530  540   550  560  570  580  590  600  610  620  630  640   650  660  670  680  690  700  710  720  730  740  750   760  770  780  790  800  810  820  830  840  850 . Single clones of transformants were picked up from LB plate and cultured in 5 ml of LB with 50 µg/ml kanamycin for overnight. Then the transformants were inoculated into 50 ml LB with 50 µg/ml kanamycin to OD 600 0.013. Then IPTG (final concentration 400 µM) was added and the transformants were cultured at indicated temperature. Samples were taken every 1 h and cell density was measured (OD 600 ). The experiments were performed 3 times for each condition. Statistical analysis was performed using Origin 8 Pro software (OriginLab Corporation, Northampton, USA). Error bars represent standard deviation. Student's t-test for indicating significance for pET28a vs pET28-TR1 at 37°C (ns, P = 0.070) and at 42°C (*P = 0.040) was adopted. observed that the strain containing pET28-TR1 grew faster than that containing pET28a plasmid at 42°C; and our observation was confirmed by the growth analysis of those transformants at both 37°C and 42°C (Fig. 1B) . Since codon usage may affect the heteroexpression in E. coli [15, 16] , the codon usage of BNTR1 sequence was optimized (Fig. 1C, BNTR1mut) to facilitate the expression of BNTR1 protein. But there is no significant difference between the whole cell lysates of BNTR1 and BNTR1mut transformants (Fig. 1A , compare Lane 1 with Lane 2). This result suggests that codon usage is not the bottleneck of BNTR1 expression. Then, the membrane protein Mistic derived from B. subtilis [17, 18] was fused to the N-terminal of BNTR1 and BNTR1mut proteins to improve protein expression. With this strategy, the expressions of Misticfused BNTR1 and BNTR1mut proteins were successfully achieved (Fig. 1A, Lanes 3 and 4) . Then Mistic-BNTR1 fusion protein was purified by Ni-NTA affinity chromatography (data not shown) to generate a rabbit polyclonal antibody. This polycolonal antibody was used to detect the expression of BNTR1 in E. coli. In consistent with our hypothesis, the BNTR1 protein was successfully detected in the soluble fraction of pET28-TR1 transformant lysate (Fig. 1D, Lanes 1 and 2 ), indicating that BNTR1 was expressed in pET28-TR1 transformant. In contrast with soluble fraction, few signals were detected in insoluble component of pET28-TR1 transformant lysate (Fig. 1D, Lane 3) , suggesting that BNTR1 expressed in E. coli mainly presents as soluble form. Taken together, these results suggest that heteroexpression of BNTR1 promotes the thermal resistance of E. coli.
E3 ubiquitin ligase activity of the BNTR1 protein
BNTR1 protein was purified by Ni-affinity chromatography and its ubiquitin ligase activity was measured. The results suggest that BNTR1 expressed in E. coli is a typical active E3 ubiquitin ligase and kanamycin may not affect the quality of production from E. coli (Fig. 2) . But it is still unknown whether there is any relationship between E3 ubiquitin ligase activity and thermal resistance in E. coli. In addition, the E3 ubiquitin ligase activity of the Mistic-BNTR1 protein was not detected, so only BNTR1 was used in the subsequent experiments.
BNTR1 is localized in the cytoplasm of E. coli
To elucidate the mechanism of how BNTR1 improves thermal resistance, the localization of BNTR1 in E. coli was checked first. For this purpose, as shown in Fig. 3A , the full-length of BNTR1, N-fragment (Fragment A, residue 1-170) or C-fragment (Fragment B, residue 171-286) of BNTR1 was fused with GFP respectively to observe their sub-localization by fluorescence microscopy in E. coli. Fragment A contains the RING finger domain and Fragment B contains two transmembrane regions. GFP was fused on the N-terminal of Fragment A and C-terminal of Fragment B (Fig. 3A) . Unexpectedly, all GFP-fused fragments and protein localized in the cytoplasm of E. coli (Fig. 3B) , and this result is different from cell membrane localization of BNTR1-GFP in Arabidopsis thalina [9] .
In eukaryotic organism, the signal peptide of secretory and membrane proteins was recognized by signal-recognition particle and the proteins transported to the membrane across the endoplasmic reticulum. In contrast, those proteins were directly transported onto plasma membrane in prokaryote [19] . Signal peptide, which is recognized by signal-recognition particle, is required for the membrane localization. However, despite of membrane-localization in plant cells, signal peptide prediction using SignalP 4.1 [20] indicated that BNTR1 lacks the typical signal peptide sequence. Localization of Fragment A implies that E. coli secretory pathway cannot recognize the N-terminal sequence of BNTR1. Localization of Fragment B implies that the transmembrane domain at the C-terminal is insufficient to be recognized by post-translational secretory pathway. This result may be caused by lack of typical signal peptide in BNTR1 and the differences of secretory pathway between eukaryote and prokaryote. Importantly, the difference of BNTR1 sublocalization in E. coli and in plant cells implies that BNTR1 protein does not play a role in E. coli thermal resistance as it does in plant cells. Furthermore, it should be noted that although the presence of a ubiquitin-like protein has been reported in E. coli, there is no information about the existence of other members for a complete ubiquitin-proteasome pathway [21] . So, the thermal resistance capability of BNTR1 in E. coli is unlikely to be correlated with the membrane-associated ubiquitin-proteasome pathway.
Heteroexpression of BNTR1 leads to typical heat-shock response at 37°C in E. coli
To investigate whether the expression of BNTR1 could cause the transcription of HSP family genes, the transcription levels of several HSP genes were analyzed in pET28-TR1 transformants by RT-PCR. dnaK, dnaJ, groEL, hscC, and ibpB from HSP family and RNA polymerase σ70 gene rpoD were selected as heat-shock markers. gapA was selected as internal control. As shown in Fig. 4 , the transcription level of ibpB is significantly increased in pET28-TR1 transformant compared with that in pET28a control transformant at 37°C, and the transcriptions of groEL, rpoD, dnaK, and dnaJ are also slightly increased while the transcription of hscC is decreased. Intriguingly, this result is similar to a previous report in which the whole transcriptome was assayed by microarray after E. coli cells were shocked at 45°C for 10 min [22] or at 42°C for 15 min with recombinant protein induction [23] (Fig. 4B) . According to the microarray data of E. coli in heat-shock response, transcription of ibpB has the highest up-regulation, and dnaK, dnaJ, groEL, and rpoD have the moderate increase of transcription. Taken together, these results indicate that the expression of BNTR1 results in the activation of typical heat-shock response without temperature up-shift. Expression of BNTR1 cannot rescue the temperaturesensitivity of HSP mutants
According to the expression analysis of HSP genes, BNTR1 seemed to participate in E. coli heat-shock response pathway and 'imitate' a member in it. To test whether BNTR1 acts as the HSP protein in E. coli, BNTR1 was heteroexpressed in grpE280 ts , dnaK756 ts , rpoH606 ts , ftsH0 ts , and dnaJ259 ts heat-shock temperature-sensitive mutants (Supplementary Table S1 ). GrpE is a nucleotide exchange factor for DnaK and responsible for the release of ADP from DnaK. FtsH is a membrane-bound AAA-protease and responsible for the degradation of σ 32 factor. Expression of BNTR1 was confirmed by western blotting (Fig. 5A) . As shown in Fig. 5B , BNTR1 failed to rescue the temperature-sensitive defects in those HSP mutants, and the expression of BNTR1 did not have significant advantage on the growth rate at 45°C, 41°C, and 37°C. This complementary experiment result indicates that the members of heat-shock response pathway are required for the BNTR1-depended thermal resistance enhancement. And it is also clearly shown that there is no function overlap between BNTR1 and HSP proteins tested above.
Conformational change of BNTR1 during temperature up-shift
Fluorescence spectroscopy is widely used in protein science for the analysis of conformational change of target proteins. Aromatic residues (Trp, Tyr, and Phe) provide intrinsic fluorescence probes to distinguish native or unfolded states of proteins. Trp is the most sensitive amino acid residue to the microenvironment because its emission spectrum of indole side chain is very sensitive to the polarity of the environment. The E max of Trp ranges from 308 to 355 nm and roughly correlates with its chromophore exposure under local environment. In this study, samples were incubated at different temperatures for 2 min, and then the structural changes of the protein were checked by intrinsic fluorescence and aggregation. Changes of intrinsic fluorescence intensity at excitation wavelength of 280 nm indicate a global structural change of BNTR1. As shown in Fig. 6A ,B, the maximum emission wavelength shifted from 341 to 343 nm when the incubation temperature increased from 35°C to 47.5°C. This result indicated that BNTR1 began to lose its compact structure within this temperature range. Then, the intrinsic fluorescence intensity was measured at excitation wavelength of 295 nm to monitor the microenvironment of Trp. Parameter A (A320/A365) was recorded at different temperatures (Fig. 6C) . The results indicated that the values of parameter A decreased within similar temperature range. The thermal aggregation of BNTR1 was further studied by light scattering, and results showed that the aggregation of BNTR1 occurred when incubation temperature was higher than 37.5°C (Fig. 6D) . This observation was consistent with the fluorescence results. Taken together, these results suggest that the structure of BNTR1 is sensitive to temperature changes. Higher temperature could lead to loss of compact structure and induce aggregation of BNTR1.
DnaK/DnaJ are co-purified with heteroexpressed BNTR1
The sensitivity of BNTR1 to the temperature change and the aggregation-tendency of BNTR1 at 37°C raise the possibility that BNTR1 activates HSP by binding with endogenesis HSP proteins. To prove this possibility, Ni-NTA affinity chromatography was used to harvest the proteins that interact with BNTR1 from pET28-TR1 transformant. The purified fraction was analyzed by western blot analysis using antibodies against DnaJ, DnaK, and GrpE. The E. coli transformant with pET28a plasmid was used as a negative control. In the presence of BNTR1, both DnaJ and DnaK were detected in the elution fraction of Ni-NTA affinity chromatography (Fig. 7 , Lanes B and C). But GrpE was not detected in this fraction. Conversely, DnaJ, DnaK, and GrpE were not detected in the fraction in transformant with pET28a plasmid (Fig. 7, Lane A) . This result showed that DnaJ and DnaK were copurified with BNTR1 protein in E. coli cells. These results suggest that the heteroexpressed BNTR1 could bind with DnaJ and DnaK in E. coli at 37°C.
Discussion
In this study, we reported a BNTR1-dependent thermal resistance in E. coli. This study began with an accidental observation that pET28-TR1 transformant grew faster than control strains at 42°C. We attempted to explain this phenomenon by designing several experiments. At last we found that the interaction of DnaJ and DnaK with heteroexpressed BNTR1 might be the 'culprit'. The adverse impact under heat shock is mainly raised by the unfolded proteins. These metamorphic proteins lose physiological function and hamper cell living. In previous reports, researchers tried to protect E. coli cells from thermal stress by accumulation of trehalose in cytoplasm. It has been proven to be a very effective method, since trehalose has the ability to stabilize proteins in their native state and reduce the denaturation and aggregation induced by heat shock [24] . On the other hand, overexpression of heterogenous HSP protein has also been reported to be a useful way to increase thermal resistance by assisting the refolding of denatured proteins [25] [26] [27] .
However, BNTR1, a newly identified E3 ubiquitin ligase from B. napus, may work differently to protect the cellular proteins from heat shock in E. coli. Instead of direct protection reported in plant cells [9] , expression of BNTR1 decreases thermal injury by activating heat-shock response pathway at normal culture condition (37°C) in advance. The heat-shock-like response may be triggered by the interaction between aggregated or conformation-changed BNTR1 with DnaK and DnaJ. This competitive interaction may consequently release σ32 from those proteins. Consequently, accumulation of released σ32 then activates the transcription of HSP family, which causes the typical heat-shock response even at normal culture condition. The pre-activation of heat-shock response protects proliferation of E. coli cells at 42°C by accumulation of endogenous HSP proteins before temperature up-shift. In this way, expression of BNTR1 activates heat-shock 'signal' and acclimatizes E. coli cells to elevated temperature.
Escherichia coli is widely used in fermentation industry, especially in amino acid production, enzyme production, and pharmaceutical industry. Increasing the environmental stress resistance of E. coli by genetic engineering can improve the output in large-volume fermentation, while maldistribution of nutrient components and temperature fluctuation are major problems that cause the fluctuation of production in large volume. In our unpublished data, we found that expression of BNTR1 increases the growth rate of lysine-rich E. coli strain and threonine-rich E. coli strain at 37-42°C. However, expression of BNTR1 remarkably impairs the accumulation of target production under normal condition (36-37°C). These results imply that thermal resistance enhanced by BNTR1 may impair the accumulation of important metabolite (amino acid, for example). Therefore, further investigation is required to help the application of 
